Microquasar SS433 is composed by a supergiant star that feeds mass through a supercritical accretion disk to a ∼ 10 M black hole. The latter launches two oppositely directed jets that precess with a period of 162 days. The system has been detected at different spatial scales in frequencies ranging from radio to gamma rays, and has long been considered as a potential neutrino source which has been observed by AMANDA in the past, and later IceCube, leading to more restrictive upper bounds on the neutrino flux. In this work, we explore the possibilities that neutrinos could be produced in the jets of this source at levels consistent, or at least, not incompatible with any current data on electromagnetic emission available. In order to do so, we consider the injection of both electrons and protons at different positions in the jets, and we compute their broadband photon emission by synchrotron and interactions with ambient photons and matter. After correcting the high energy photon flux by the effect of γγ and γN absorption, we obtain the surviving flux that arrive on Earth and compare it with observational data by gamma-ray detectors. The flux of high energy neutrinos is consistently computed and we find that if they are eventually detected with IceCube, production must take place at the inner jets, where gamma-ray absorption is important, in order to avoid current VHE constraints form HESS and MAGIC. Additionally, we find that if the flux of 25 TeV gamma-rays recently detected with HAWC and which corresponds to the jet termination region were produced mainly by pp interactions, this would lead to a too faint neutrino flux that is beyond the reach of IceCube in its present configuration.
Introduction
Microquasars are galactic binary systems composed by a star orbiting around a compact object which launches jets that present non-thermal emission [1] . These type of sources have been detected throughout all the electromagnetic spectrum, from radio to even very high energy (VHE) gamma-ray emission [2] . The particular case of SS433 is unique, since its central black hole (BH) of mass M bh 10 M launches two powerful and persistent jets (L k = 10 39 erg s −1 ) which move in precession with a period of 162 days (for a review, see Ref. [3] ). The accretion disk is in a supercritical regime which also moves in precession, and presents a wind that emits photons in microwave and UV wavelengths [4, 5] . The presence of baryons in the jets has been revealed through the detection of Fe lines [6] . Radio emission has been detected from the jets at up to large scale where they are stopped by the interstellar medium [7] , and also through bolides in jets [8] . X-rays are detected presenting orbital and precessional modulation, indicating that they can be produced in the inner jets or in a corona around the compact object [9] . As for gamma rays, Fermi LAT has detected emission for energies ∼ (1 − 10)MeV [10] , which does not present any modulation due to γγ or γN absorption as it would be expected if the emission was generated at the inner regions of the system (z < 10 12 cm). This is consistent with a production zone placed at the terminal regions of the jets, where they interact with the external medium W50 [11] . VHE gamma-ray observations have been long performed with different instruments. A joint search by HESS+MAGIC has led to very stringent constraints for gamma-rays in the energy range E γ ∼ (200 − 5000) GeV emitted from SS433 [12] , while VER-ITAS has also produced updated upper limits [13] . At higher energies (E γ ∼ 25 TeV), VHE photons were recenlty detected by HAWC, and the emission was found to be produced at the terminal regions of jets, at distances ∼ 10 19−20 cm from the central BH [14] .
As it was pointed out in Ref. [15] , a connection can be established between the gamma-ray and the neutrino fluxes produced by hadronic and photo-hadronic processes, and, in order to establish such link, it is crucial to correct the emitted gamma rays by the effects of absorption in the system that are significant at the inner regions of the jets. In the present work, we take into account such effects, and making use of a simple onezone model, we compute the gamma-ray and neutrino output that can be expected under different assumptions on the location of the emission zone, the energy dependence, and the total power of the primary electrons and protons injected in such region. Taking into account the last upper limit by IceCube [16] , we obtain allowed neutrino fluxes and we compare the corresponding co-produced photon fluxes with available multiwavelength observational data and constraints. In particular, the possibility that protons were accelerated in the jet at dis-tances z acc 5 × 10 12 cm from the central black hole and with a spectrum ∼ E −2 p is bounded by the HESS+MAGIC limit [12] ; gamma-ray and neutrino production cannot take place at such distances because unabsorbed VHE gamma rays would have been observed. Additionally, the neutrino flux that could be expected from the terminal regions of the jet would be too faint to be detected by IceCube.
This work is organized as follows. In Section 2, we describe the model employed, the basic physical processes, and we obtain the particle distributions in the jet for different parameter sets. In Section 3, we compute the corresponding output of broadband photons and neutrinos, and compare it with experimental observations. Finally, we present a discussion with our concluding remarks in Section 4.
Basic scenario and physical processes
The model adopted in the present work is based on previous ones used to describe the broadband emission in microquasars [17, 18, 19, 20] . The jets are modelled as cones with a half opening angle ξ = 0.6
• , so that the radius at a distance from the black hole z 0 = 500 R Sch 1.3 × 10 9 cm is R jet = z 0 tan ξ. Assuming that equipartition between kinetic and magnetic energy holds at z 0 , B 0 = 8πρ k , where
. If the magnetic field drops with the distance as B(z) = B 0 (z 0 /z) m , with m ∈ (1, 2) [21] , then sub-partition takes place for z > z 0 , which favors shock formation by the collision of plasma outflows with different velocities [22] . Primary particles (electrons and protons) can be shock-accelerated by the Fermi's first order mechanism [23] . Still, our main conclusions will remain qualitatively valid regardless of the particular acceleration mechanism at work, as long as it produces a power-law injection of particles as the ones we shall consider below. At the inner jet, we place the injection zone at a distance z acc = 10 10−13 cm with a size ∆z along the jet, where primary electrons and protons are injected according to
Here, α is the index of the power law in energy of the particles, E i,max is the maximum energy fixed by the balance between an acceleration rate [24] t −1 acc = ηeB/E i 1 and the total energy loss rate t
−1
loss . This balance energy is taken as the maximum energy if it satisfies the Hillas criterion [25] , i.e., E i,max < E H = eBR j , and otherwise, we adopt E i,max = E H .
The constants K i are fixed by normalization on the total power injected in electrons and protons,
where E i,min is the minimum energy of injection and ∆V is the volume of the zone. In the case of the terminal regions of the jet, we assume that they are located at z acc ∼ 5 × 10 19 , in line with observational data of HAWC, and we adopt a magnetic field in the range (10 −5 − 10 −4 )G [26] . We solve the following transport equation in a steady state for the particle distributions in the jet co-moving frame, N i with
where
loss (E) gives the energy loss for each particle type, T esc is the escape timescale, which is given by T esc = ∆z/v jet at the inner jet [18, 20] , and by T esc = R 2 j /(2D d ) for an emission zone placed at a terminal region of the jet [10] . [28, 14] .
In the case of electrons, the cooling processes considered are, in principle, synchrotron emission, bremsstrhalung, inverse Compton (IC) interactions with the synchrotron photons at the inner jet (synchrotron self-Compton, SSC), and IC interactions with the Cosmic Microwave Background (CMB) in the case of the terminal jet regions. As for protons, the cooling processes are pp collisions, adiabatic losses by lateral expansion of the jet, synchrotron emission and pγ interactions. We obtain these rates following, e.g., Refs. [18, 29] , and we show in Fig. 1 the obtained rates for electrons and protons under different sets of parameters, which are listed in Table 1 .
First, we obtain the electron distribution (N e ) considering only synchrotron and adiabatic cooling, then we compute the SSC cooling rate and check that it is well below the total cooling rate adopted. Next, we compute the pγ cooling rate and use it along with the other cooling processes for protons in order to obtain the proton distribution. The distributions N e and N p obtained for the different parameter sets are shown in Fig. 2 .
With the proton distribution, it is possible to obtain the source term of charged pions Q π which in this work are dominantly producuded by pp interactions:
Here, the pp cross section σ
and the distribution of pions produced per pp collision F π are given in Ref. [34] . The density of cold protons is taken as n c ≈ ρ k /(m p c
2 ) for the zones placed at the inner jet, and it is fixed as n c ≈ 4cm −3 if the zone is located at the jet termination region [26] . This allows us to solve a transport equation like Eq. (2), but adding the decay term N π /T dec on the left member. In turn, making use of the obtained pion distributions, we can obtain a source term for left-handed muons as [30] 
and for right-handed muons: Similarly as for pions, a transport equation is solved for muons. For illustration, we show the resulting distributions N π and N µ in Fig. 3 for different sets of parameters. We note that the use of the transport equation for pions and muons allows to take into account the sychrotron losses that they can undergo in the case of high magnetic fields as are suppposed to be present at the inner jets [19] . We have not considered the possibility of pion and muon acceleration, since we are working within a one-zone model where the particles enter the zone already accelerated. More detailed studies would be needed in order to include the details of the particular acceleration mechanism, and in particular, the relation between the escape rate from the acceleration zone into the cooling zone and the acceleration rate itself [31, 32, 33] .
Photon and neutrino output
In this section, we show our results for the electromagnetic and neutrino emission that can be expected to arrive on Earth in the case that populations of relativistic electrons and protons can be accelerated in the jets of SS433, with the physical conditions described by the parameters of Table 1 .
Electromagnetic emission
The most significant processes for the production of electromagnetic emission within the model discussed here are synchrotron radiation by electrons at the lower energies and protonproton interactions at higher energies. The former process implies an emissivity, i.e. (number of photons)/(cm 3 s sr), which is given by
is the modified Bessel function of order 5 3 , and the critical photon energy is The emissivity of photons due to pp interactions is
where F pp→γ (x, E p ) is a fitting function as defined in Ref. [34] , and n c is the density of cold protons.For the sets of parameters considered, these processes turn out to be dominant over other emission mechanisms, such as SSC, proton-photon, and proton synchrotron, which can be safely neglected when computing the broadband spectral energy distribution of photons (SED). In order to account for the emission that would arrive on Earth, it is necessary to include the effect of photon absorption, which is significant only for the cases of production at the inner jet. At high energies (E γ 1 GeV), gamma rays can be efficiently absorbed by γγ interactions with lower energy photons to create e + e − pairs. Internal absorption, where the target photons are due to the synchrotron emission from the electrons in the jet, is accounted for with an optical depth given by
External absorption of gamma rays occurs due to the presence of starlight photons and UV and IR photons emitted from the disk. Additionally, γN interactions with nucleons that constitute the disk itself can cause important absorption if the production takes place very close to the jet base. These effects were studied in detail in previous works [35, 15] , and it is found that if gamma rays are emitted at distances z acc 10 12 cm from the BH, absorption can imprint a modulation in the observed flux consistent with the precession of the jets and disk. For emission at longer distances from the BH, no periodic absorption features would be produced. In the present work, we consider the orientation of the jet corresponding to a precessional phase ψ = 0, i.e., the situation when the jet is pointing as close as possible to the line of sight, making an angle of i jet = 57
• with it. For this particular orientation, the absorption effects are minimized, and hence we can interpret our results for the photon flux on Earth as an upper bound, since it will be reduced by a higher absorption at other precessional phases. We then consider the total optical depth for γγ and γN absorption τ γ (E γ ) corresponding to the mentioned configuration and taken from Ref. [15] . For illustration, we plot in Fig. 4 the attenuation factor exp[−τ γ (E γ )] corresponding to different positions z acc in the jet.
At lower energies (E γ ∼ (1 − 10 3 ) eV), photons can get absorbed by photoionization along the column of neutral gas along the line of sight directed towards the inner jet, N H ≈ 3 × 10 22 cm −2 (e.g. [36] ). The corresponding optical depth is τ γH = N H σ γH (E γ ), where σ γH (E γ ) is the photoionization cross section for galactic abundances of neutral hydrogen and dust following Ref. [37] .
Including the effects of absorption, the differential photon flux to arrive on Earth at a distance d = 5.5 kpc can be computed as
where the observed photon energy E γ is related to the comoving one as E γ = DE γ , with the Doppler factor given by D = (Γ − Γβ cos i jet ) −1 . We show the obtained results in Fig. 5 for the different sets of parameters used (1). There we include observational data taken, for reference, from the multi-wavelength campaign in Ref. [38] for energies E γ < 10 5 eV in the case of emission from the inner jet. Gamma-ray data corresponds to the positive detection by Fermi LAT for E γ ∈ (0.1−1) GeV [10] and to the upper limits obtained by the joint HESS+MAGIC observations at E γ ∈ (200 − 5000) GeV [12] . In the case of emission from the termination region of the jet, we adopted the same data set that were used by the HAWC collaboration in Ref. [14] . We note that for the parameter sets 1's and 2's, the correction by absorption is actually overestimated since the size of the emission zone is large (∼ 10 13 ), and we here consider the value of the optical depth at z acc ∼ 10 12 cm. However, here we are interested in obtaining the maximum allowed neutrino fluxes, and hence this approximation only implies that our results for such maximum fluxes of gamma rays are actually conservative, i.e., they could be lower if a detailed treatment of gamma-ray absorption was applied.
Neutrino emission
The relevant neutrino emission process in the cases studied here are pp production of pions, which decay to neutrinos and muons. The latter, in turn, decay giving more neutrinos. The emissivity ν µ +ν µ from direct pion decays can be obtained following Ref. [30] :
where x = E ν /E π and typical timescale of pion decay is
The contribution from muon decays to ν µ +ν µ is
−6 s, and µ 3,4 = µ −,+ R . The helicity of the muons is h = 1 for right-handed and h = −1 for left-handed muons. As for ν e +ν e , the emissivity from the decay of muons is given by Taking into account the effect of neutrino oscillation during their propagation to Earth, the differential muon neutrino and antineutrino flux of energy E ν = D E ν can be computed as
where P ν µ →ν µ 0.369 is the probability that the generated ν µ orν µ remain of the same flavour, and P ν e →ν µ 0.255 is the probability that electron neutrinos or antineutrinos can oscillate into muon neutrinos or antineutrinos. The specific numeric values of these probabilities are derived from the unitary mixing matrix U α j , which is fixed by three mixing angles: θ 12 34
• , θ 13 9
• , and θ 23 45
• [39] .
Discussion
In this work, we have explored different possibilities for neutrino production in the microquasar SS433 due to particle acceleration in the inner jets or at their termination sites, making use of a simple model applied to describe the injection and interaction of high energy electrons and protons. We have computed the radiative output in broadband photons and compared it with typical data available from radio to gamma rays for three different cases of injected spectrum of primary particles Q e,i ∝ E −α , with α = {1.7, 1.9, 2}. For each of these situations, the electromagnetic emission was checked not to be in conflict with observations, and at the same time, the relativistic proton content was pushed as high as possible without surpassing the neutrino upper limit. We have considered six combinations of parameters for emission from the inner jet (sets 1a, 1b, 1c, 2a, 2b, 2c), and other six combinations for emission at the termination region (3a, 3b, 3c, 4a, 4b, 4c). The sets of parameters used were chosen in order to understand the consequences in the emission of a change in a given parameter. For instance, the parameter sets 1a, 1b, and 1c differ only by the value of q m which is taken as 0.1, 0.01, and 0.001, respectively. It can be seen that as the value of q m decreases, the position of injection along the inner jet z acc is placed at greater distances from the BH. This implies a less efficient emission, but at the same time, less γ − γ absorption. The parameter sets 2a, 2b, and 2c differ only by the value of the acceleration efficiency η, which is taken as 10 −2 , 10 −3 , and 10 −4 , respectively. The effect of the increase of η is an increase in the maximum energy of the primary particles, and hence of the gamma-rays and neutrinos. In the cases of emission from the terminal region of the jet, the parameter sets 3a, 3b, and 3c differ only by the value of the diffusion coefficient D 0 : 3 × 10 27 cm 2 s 1 , 10 28 cm 2 s 1 , and 3 × 10 28 cm 2 s 1 , respectively. As this increases, particles escape faster from the production zone, and emission is reduced. We note that according to these three sets, the 25TeV flux detected by HAWC is explained basically by IC interactions on the CMB [14] . The only possibilities for this emission to be due to pp interactions arise if the diffusion coefficient was smaller than the typical values, for instance,
26 , as is adopted in the sets 4a, 4b, and 4c. In these sets, the magnetic field has values of 4 × 10 −5 G, 6 × 10 −5 G, and 10 −4 G, respectively. Overall, among the various possibilities explored, the ones that give the maximum neutrino output are 1a, 2a, 3a, and 4a, which are shown in Fig. 6 , as compared to the latest IceCube upper limit.
In the typical case of a proton injection of E −2 p (sets 2a, 2b, 2c), we have chosen an injection point z acc = 1.5 × 10 12 cm that implies a moderate gamma-ray absorption effect for E γ > 100 GeV, and this fact places the emission below HESS+MAGIC upper bounds (see Fig. 5 , top-right panel) for a corresponding neutrino flux barely allowed by the IceCube limit (see Fig. 6 , black curve). For higher values of z acc , absorption would not be so efficient, and hence the intrinsic production of gamma rays should be lower, leading to a correspondingly lower neutrino emission. Considering the prospects for the evolution of the sensitivity expected for IceCube versus time of operation, in ten years more of livetime, their minimum detectable flux would be reduced by a factor of two, roughly (see Ref. [16] , Fig. 15) . Hence, the possibilities to observe neutrinos corresponding to α ≈ 2 are that neutrinos could be produced at a detectable level only at a position z acc 10 13 cm in the jet, otherwise, negligible absorption of VHE gamma rays would imply a flux above the constraints by HESS+MAGIC. This applies also to the production at the terminal regions of the jets, which should be, at most, at the level of the HAWC detection in 25 TeV gamma rays, and below the upper limits by HESS+MAGIC at somewhat lower energies. Co-produced neutrinos at these locations of the system must be, at most, at the level indicated by the set 4a curve in Fig. 6 , i.e., beyond the reach of IceCube. Conversely, in the case of a future positive detection of VHE gamma-rays and no associated detectable neutrino counterpart, this would imply a leptonic origin of such radiation. Further observations of the VHE gamma rays with forthcoming instruments such as CTA [40] and IceCube-Gen2 [41] would help to assess the plausibility of such possibilities.
